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Abstract
Uncovering the genetic factors that correlate with a clinical deviation of previously unknown 
etiology helps to diminish the unknown variation influencing the phenotype. Clinical studies, 
particularly those that consider the effects of an appliance or treatment regimen on growth, need to 
be a part of these types of genetic investigations in the future. While the day-to-day utilization of 
“testing” for genetic factors is not ready for practice yet, genetic testing for monogenic traits such 
as Primary Failure of Eruption (PFE) and Class III malocclusion is showing more promise as 
knowledge and technology advances. Although the heterogeneous complexity of such things as 
facial and dental development, the physiology of tooth movement, and the occurrence of External 
Apical Root Resorption (EARR) make their precise prediction untenable, investigations into the 
genetic factors that influence different phenotypes, and how these factors may relate to or impact 
environmental factors (including orthodontic treatment) are becoming better understood. The most 
important “genetic test” the practitioner can do today is to gather the patient’s individual and 
family history. This would greatly benefit the patient, and augment the usefulness of these families 
in future clinical research in which clinical findings, environmental, and genetic factors can be 
studied.
Introduction
Many orthodontic clinicians think of genetics in terms of controlling and therefore 
predicting facial growth, and/or in terms of a patients’ genetics defining the limits of what 
can be changed with treatment. Knowing whether “genetics” can cause a phenotype has 
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been cited as a factor in a patients’ eventual outcome; that is, if the phenotype is genetically 
programmed, then orthodontists may be limited in what they can do to change it.1 However, 
this concept has often been misapplied. Inappropriate use of heritability estimates in the 
orthodontic literature have occurred when authors misinterpret these estimates to be a proxy 
for determining whether a phenotype is of “genetic origin”; particularly when a 
malocclusion or other anatomic morphology (e.g., arch width) exhibits a complex 
inheritance pattern, or etiology, as most phenotypes do.2
The most practical and significant way that genetics will help in clinical practice is through 
the identification of specific genetic factors and factor variations that can influence the 
craniofacial traits that are identified within an individual; not by using heritability estimates. 
However, since there is practically no aspect of orthodontic practice that can be precisely 
predicted or explained by only one mutation in one gene, the expectation that genetics will 
be a crystal ball that tells all is unfounded. To paraphrase the writer HL Mencken, “For every 
complex problem there is an answer that is clear, simple, and wrong.”3 Hence, it most likely 
will be a combination of genetic factor effects and variations that will be central to 
enhancing our understanding of the genetic influence(s) that act in on numerous complex 
oral-facial phenotypes and responses to treatment. An overview of several studies pertinent 
to the orthodontist are presented below which have examined different genetic factors in the 
attempt to explain a portion of the individual variation observed in facial growth and 
response to treatment.
Facial Growth
Investigations into the influence of genetic factors on facial growth have incorporated 
measurements on lateral cephalometric radiographs to explore: (1) whether genetic variation 
within candidate genes are associated with measurable differences in the rate of annualized 
sagittal growth of the jaws in males and females, and (2) assess how genetic variations 
correlate with the size and/or morphology of skeletal variation and malocclusions.
Differences in the Rate of Annualized Sagittal Growth of the Jaws
While approximate facial growth predictions based upon expected growth curves can be 
useful for the average patient, more precise and personalized predictions would incorporate 
and account for the growth potential associated with an individual’s inherited genetic 
factors; particularly those factors that are highly pertinent to the pubertal growth spurt 
(PGS). In addition, as orthodontists we regularly observe a great deal of variation between 
the facial growth responses of different patients to various appliances such as those used for 
mandibular protrusion. It would be great valuable if we as clinicians could explain these 
growth response differences in a more concrete manner than simply saying some individuals 
are “better responders” than others. After all, how does a clinician know that the patients are 
not “better growers” to begin with? How do they know if certain patients will respond better 
than they would have without the appliance intervention? Hence, we need a definable 
reference frame with which to address these questions, and many of these questions may 
best be answered in the context of defining and understanding a patient’s growth potential 
due to their inherited genetic variation.
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Based on years of investigation, it is understood that the PGS response is mediated by the 
combination of sex steroids, growth hormone, insulin-like growth factor (IGF-I) and other 
endocrine, paracrine and autocrine factors. Administration of low doses of testosterone in 
boys with delayed puberty not only accelerates their statural growth rate, but their 
craniofacial growth rate as well.4 In addition to testosterone, estrogen-based hormones are 
also involved in growth and development.5 Aromatase (also known as estrogen synthetase) 
is a key cytochrome P450 enzyme involved in estrogen biosynthesis which catalyzes the 
final rate limiting step in the conversion of testosterone and androstenedione to estradiol and 
estrone, respectively.6 CYP19A1 is the gene that encodes aromatase; therefore regulation of 
the transcription of this gene is critical for the testosterone/estrogen (T/E) ratio in the body. 
The T/E ratio is vital in the development of sex-indexed (male) facial characteristics such as 
the growth of cheekbones, the mandible and chin, the prominence of eyebrow ridges and the 
lengthening of the lower face.7
A significant difference in the average sagittal jaw growth has been observed when 
comparing groups of Caucasian males who inherited different genetic variations within or 
near the CYP19A1 gene (i.e., different CYP19A1 alleles); with the greatest observed 
differences in the annualized growth per year during orthodontic treatment shown to be over 
1.5 mm/yr for the maxilla and 2.5 mm/yr for the mandible.8 By comparison, no significant 
differences were detected in female jaw growth based on the inherited CYP19A1 alleles.8 
This was particularly impressive in the males studied because no statistical differences in 
jaw size were observed at the start of treatment based upon the CYP19A1 allele they 
inherited. The significant difference in jaw size was only expressed over the course of 
orthodontic treatment in patients who were transitioning through the cervical vertebral 
stages (CVS) that are known to be associated with increased growth velocity during 
puberty.8 Interestingly, the same results were also demonstrated in a study of Chinese males 
and females, strongly suggesting that this variation in the CYP19A1 gene may be a multi-
ethnic marker for male sagittal jaw growth.9
Variations in other genetics factors, such as the Pro561Thr (P561T) variant in the growth 
hormone receptor gene (GHR) has been associated with a difference in adult mandibular 
ramus length (condylion-gonion); with those who had the GHR P56IT allele having a 
significantly shorter mandibular ramus length than did those who did not have the GHR 
P561T allele in a “normal” Japanese sample of 50 men and 50 women. The average 
mandibular ramus height in those with the GHR P561T allele was 4.65 mm shorter than the 
average for those without the GHR P561T allele. This significant correlation between the 
GHR P561T allele and shorter mandibular ramus height was confirmed in an additional 80 
women.10 Hence variation in Growth Hormone Receptor and other genes associated with 
variation in adult morphology are also likely to play a role in the variation in skeletal growth 
velocity to achieve that adult morphology and should be evaluated in future investigations.11 
It is important to note that even by examining multiple genetic factors that influence a 
complex trait (jaw growth) may only account for a portion of the overall variation in growth 
observed, and therefore these factors alone may only offer a projected, and not precise, 
prediction of a patient’s growth. Further investigation of these and other genetic factors, as 
well as their interactions with each other and with environmental factors, will help to explain 
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what has up to now been an unknown component of individual variations in pubertal facial 
growth.
Recent studies related to the treatment of Class II malocclusion have indicated that when a 
removable mandibular protrusion appliance is used specifically during the PGS, an average 
increase in growth may occur consisting mainly of mandibular elongation and increase in 
ramus height. This contrasts with using the same appliances for treatment prior to the onset 
of puberty, or used postpubertally.12 However, the control group may be another group of 
patients who may be matched for gender, age, and other variables, but not for 
polymorphisms in genes that affect facial growth, particularly during puberty. Not all 
patients, even during the PGS, are “good” growers. Therefore, genetic studies that can 
identify and better define “good” growers (or late growers) are needed, and would aid not 
only in selecting the optimum treatment timing, but the use of the proper appliance in the 
appropriate patient.
Skeletal Variation and Malocclusions
Class III “skeletal” malocclusion (often referred to as mandibular prognathism) may be due 
to a short maxilla, long mandible, or both when examined in the sagittal plane. Studies have 
shown that this phenotype can occur in families with an autosomal dominant mode of 
inheritance, variable expressivity, and incomplete penetrance.13 It has also been said to occur 
due to a major gene effect and multifactorial influence.14 In other words, the phenotype runs 
strongly in families, but can vary in how severely it affects members of the same family 
(variable expressivity), and the appearance of the phenotype can even “skip a generation” 
(incomplete penetrance). Prior to genetic analysis of individuals and families with Class III 
skeletal malocclusion, the question was whether there was one, or only a few, genetic 
markers that were the primary driving factors. It was hypothesized that resolving this 
question and determining which factors were involved could make it more likely to forecast 
the Class III skeletal growth pattern and growth timing of a patient. For example, would 
knowing the gene(s) involved in “late” growth help to predict who would be more likely to 
grow out of a Phase I reverse headgear negative overjet correction? Would it help to 
determine if a further sagittal (or also vertical) growth discrepancy would occur in the mid or 
late teens, making a camouflage treatment plan less advisable versus waiting for 
orthognathic surgery?
In Genome Wide Association Studies (GWAS) of the Class III phenotype, the subjects 
chosen for analysis are not related to each other to not confound the results of this type of 
analysis. One problem with many of the GWAS studies, however, has been that if Class III 
malocclusion is as heterogeneous genetically as it seems to be clinically, this type of study 
involving many affected and unaffected who all come from different families will be less 
likely to pinpoint a contributing factor, since it is likely that many contributing factors may 
be present amongst all the represented families.15 In contrast, Genetic Linkage Analysis 
studies have been done on large families and require a different type of statistical approach 
than GWAS in order to account for the shared DNA in common among the family members 
that is not linked to the phenotype being studied. To date, family linkage analyses in 
combination with DNA sequencing technologies have been more effective in the 
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identification of genetic mutations that are thought to cause Class III malocclusion than the 
association studies of Class III. For those who are interested, more information on these 
different types of studies maybe found elsewhere.16
Genetic linkage and association studies have identified multiple loci and candidate genes 
connected to the Class III phenotype (Figures 1a and 1b).14,17–26 While numerous genetic 
loci have been associated with Class III, so far causal genetic mutations have been identified 
within four unique genes in five families with Class III malocclusions (the genes with an 
asterisk in Figure 1a).27–31 In future studies of large numbers of unrelated individuals 
diagnosed with a Class III malocclusion, it will become important to morphologically sub-
classify patients with a combination of cephalometric and/or geometric morphometric 
information to better study the genetics of the predominant sub-type(s) of skeletal and dental 
Class III across families.32 This type of approach would answer the question of whether 
Class III patients with a similar subtype will also have similar genetic factors in common, or 
if this will primarily be the case among affected members of a family.
There have not been as many genetic studies published on Class II malocclusion as have 
been published on Class III malocclusion. In the past, some clinical studies supported a 
genetic basis for Class II division 2 malocclusion,33,34 although so far, no genome wide 
analysis of this type of malocclusion has been published. Recent studies on muscle fiber 
type and genetic factors for Class II and other malocclusions features will be reviewed in the 
next section.
Genetic Variation in Muscle and its Influence on Malocclusion
The Functional Matrix Theory of craniofacial growth emphasizes that skeletal development 
is secondary to muscle function, airway requirements, and other causes extrinsic to the 
bone.35 However, what about genetic and epigenetic effects on muscle that then affect 
skeletal development? Recent research by J. Sciote and collaborators has shown that 
variations in masseter muscle fiber type, gene expression in masseter muscle, and epigenetic 
changes that alter gene expression are associated with anterior open versus deep bites, 
mandibular retrognathism versus prognathism, and mandibular asymmetry.36–39
Skeletal muscle cells produce many proteins that, when in combination, define the unique 
characteristics and function of the muscle fiber tissue. The myosin heavy chain (MHC) is 
primarily responsible for the contraction velocity of a muscle fiber.40 In studies of muscle 
composition, at least four unique muscle fiber types can be described including: type I, IIA, 
IIX and hybrid type I/II MHC-protein containing muscle fibers. Additional muscle proteins 
may include cytoskeletal muscle proteins such as α-actinin-2 and -3. While α-actinin-2 
appears to be found in all types of skeletal muscle fibers, α-actinin-3 is restricted to fast-
contracting type II muscle fibers41 where it enhances muscle force.42
Interestingly, differences in muscle fiber composition have been noted in masseter muscle 
tissue obtained from patients with a mandibular asymmetry.37 Significant increases in type II 
muscle fiber area and frequency on the same side as the deviation were discovered when 
compared to muscle fibers on the side opposite the deviation. Moreover, no significant 
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differences were noted when comparing the muscle composition on the right and left sides 
of symmetrical patients.37 Additional studies have shown that greater human facial height 
(i.e., vertical dimension) is inversely related to the size and proportion of masseter muscle 
fast, type II muscle fibers. Accordingly, short-faced, deep bite phenotypes correlated with 
increased type II fiber area and frequency, while long faced, open bite phenotypes showed 
increased type I fiber area and frequency.36,38,39
In contrast to the muscle fiber variations observed in vertical dimension malocclusions, 
muscle fiber compositions varied to a lesser degree in malocclusions affecting the sagittal 
dimension, although type IIA and IIX MHC proteins were expressed in the masseter 
muscles of individuals with mandibular prognathism.38,43 This observation may help to 
explain the relative difficulty in maintaining an overbite correction, particularly of a deep 
bite. Among Class III cases, differences were observed in the average fiber area when 
comparing normal, open bite and deep bite cases. Class III deep bite cases showed an 
increased amount of type I and hybrid type I/II muscle fiber areas in the masseter muscle, 
compared to normal and open bite cases. Sex differences have also been observed between 
masseter muscle fiber type and size, along with muscle growth factor-related gene 
expression levels.38 Interestingly, when the α-actinin-3 gene (ACTN3) alleles were 
homozygous for the polypeptide to stop being made at the 577th amino acid (577Stop/Stop), 
the patient was more likely to have a Class II malocclusion, while this genetic variation was 
less likely to be found in patients with a deep bite.42
Epigenetic factors may also influence muscle fiber types, vertical and/or sagittal dimension 
variations and malocclusion types. Masseter muscle from patients with deep bite 
malocclusions had a higher level of gene expression (i.e., greater mRNA production) for 
both histone deacetylase 4 (HDAC4) and lysine acetyltransferase 6B (KAT6B; OMIM 
605880) compared to masseter muscle from patients with an open bite phenotype. The 
enzymes encoded by these two genes play an important role in regulating histone acetylation 
patterns (a form of epigenetic regulation on gene expression), which may affect the 
development of the malocclusion by increased expression of the genes for fast (type II) 
muscle fiber types; combined with decreased expression of the gene for the slow-contracting 
(type I) muscle fiber types.
In support of this hypothesis, increased gene expression of HDAC4 was associated with 
increased gene expression of the fast type IIX MHC (MYH1), and decreased gene 
expression of slow type I MHC (MYH7), in subjects diagnosed with Class II. Increased gene 
expression from the KAT6B locus, in contrast, correlated negatively with type IIX MHC 
(MYH1) gene expression in Class III malocclusions.36 Overall, gene expression at both 
KAT6B and HDAC4 loci were elevated in masseter muscle from patients with Class III 
malocclusions compared to individuals diagnosed with Class II.36,44 It has been proposed 
that the KAT6B protein could play a potential role in mandibular prognathism through its 
ability to activate the runt-related transcription factor 2 gene (RUNX2), which encodes an 
osteogenic transcription factor.44 These studies of how the genetic variation can affect 
muscle variation, which in turn can affect variation in morphology from Class II to Class III, 
and from deep to open bites, are areas for research in the correction and stability of 
correction of facial morphology variation and skeletal malocclusion. Better understanding of 
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the genetics of muscle composition, and how muscle can be re-programmed prior to surgical 
correction of either Class II or III surgical cases, may greatly aid in reducing the number of 
surgical relapse cases (and may also aid in the identification of late growers and/or slow 
growers).
External Apical Root Resorption (EARR) Concurrent with Orthodontics and 
Rate of Tooth Movement
EARR occurring during orthodontic treatment has been attributed to the use of excessive 
forces on the teeth, and therefore may be seen by the patient, dentist, or other orthodontists 
as the fault of the treating practitioner. However, evidence does exists for the occurrence of 
EARR in some patients who have not received orthodontic treatment; such as in a number of 
patients diagnosed with missing teeth, increased periodontal probing depths, reduced crestal 
bone heights, bruxism, chronic nail-biting, and/or anterior open bites with a concomitant 
tongue thrust.45 It is true that EARR can be increased as a pathologic consequence of 
orthodontic mechanical loading in some patients.46,47 In addition, the amount of orthodontic 
movement (and not necessarily the amount of force applied) may be positively, but not 
absolutely, associated with the extent of EARR.48 There is a considerable amount of 
variation in the severity of EARR associated with an individual patients’ customized 
orthodontic treatment.49 Orthodontic tooth movement or “biomechanics”, however, appears 
to account for less than half (approximately one-tenth to one-third) of the total variation 
observed clinically for EARR.50,51 So, what accounts for the remaining variation in EARR 
concurrent with orthodontia?
Tooth movement studies using a panel of different inbred mice have supported the notion 
that there is a genetic component involving multiple genes in histological root 
resorption.52,53 In the patient populations examined, heritability estimates have suggested 
that approximately half of the EARR variation observed concurrent with orthodontics, and 
almost two-thirds of maxillary central incisor EARR specifically, may be attributed to 
genetic variation within the constraints of heritability measures already mentioned in this 
chapter.54 In a retrospective twin study on EARR, examiners found supporting evidence for 
both genetic and environmental factors influencing EARR.55 In addition, it is noteworthy to 
add that although EARR was not specifically examined, studies of the reaction to 
orthodontic force application in humans, including measurements of the rate of tooth 
movement, have shown differences depending on an individual’s genetic background.56
Since the initial explorative investigations were published in 2003,53,57 looking for possible 
genetic factors associated with EARR concurrent with orthodontia, many additional 
candidate gene studies have been conducted using a number of different populations (Figure 
2).57–67 Even though heritability studies had hinted that genetic influences on EARR 
concurrent with orthodontics might account for a large portion of the total phenotypic 
variation observed, the contribution of the individual genes investigated to date appear to be 
relatively small and inconsistent, as would be expected with a complex trait; particularly in 
studies with fairly small sample sizes. While some of these genetic markers are associated 
with the occurrence of EARR most of the time, there are patients who have inherited the 
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genetic marker that usually accompanies EARR but do not develop EARR, and there are 
some patients with EARR who do not have the marker. In this light, the “predictive” value of 
a single marker appears to be limited when used alone (e.g., without information concerning 
other DNA (gene) markers and additional variables that may be involved).16
More recent studies have incorporated multiple treatment and genetic factors in models to 
explain the occurrence of EARR concurrent with orthodontics. For example, 30% of the 
EARR variability in one study was explained by a combination of the treatment duration, the 
use of a Hyrax appliance, premolar extractions, sex and/or variation in the purinergic 
receptor P2X, ligand-gated ion channel 7 (P2RX7) gene-associated single nucleotide 
polymorphism (SNP) rs1718119; while age, pre-treatment overjet, a tongue thrust habit, a 
skeletal class II diagnosis and other genetic polymorphisms provided minor contributions.68 
Similarly, a second modeling study examined the relative influence of multiple parameters 
on the occurrence of EARR including (a) treatment duration, (b) extraction of maxillary 
premolars, (c) numerous cephalometric measurements (pretreatment values and/or overall 
post-treatment change in the values), and (d) nine unique genetic variations found within the 
Interleukin (IL) -1α, -1β, IL1-RA, P2RX7 and Caspase-1 genes. This study found that a 
longer length of treatment, together with specific genotypes for the P2RX7-SNP rs208294 
explained 25% of the total variation associated with EARR concurrent with orthodontia in 
the sample tested.67
Based on cumulative research to date, the molecular pathways influencing the development 
of EARR appear to involve: (1) clastic cell adhesion with specific roles for the α/β-integrins, 
osteopontin (OPN) and other related extracellular matrix proteins, (2) clastic cell fusion and 
activation via the Receptor Activator of Nuclear Factor κ B (RANK)/Receptor for RANK-
Ligand (RANKL)/osteoprotegerin (OPG) and ATP/P2RX7/-IL1β pathways, and (3) 
regulatory mechanisms of root resorption repair by cementum at the proteomic and 
transcriptomic levels.69 In addition, the relationships between bone density, the rate of tooth 
movement and root resorption have been studied in lactating calcium-deficient female 
Sprague-Dawley rats. These studies showed that decreased alveolar bone density facilitated 
rapid orthodontic tooth movement, and reduced cratering of the root outer cementum, 
implying that there was less strain on the dental root as the tooth moved faster, with 
differential resorption of alveolar bone versus root structure.70 Gene-specific knockout 
mouse models and human genetic association studies have supported the “Root Strain 
Mechanism” as one model for root resorption.57,67,68,71,72 Future estimation of 
susceptibility to EARR likely will require the analysis of several genes as mentioned 
previously, root morphology, skeletal-dental values, and the treatment method to be used, or 
essentially the amount of tooth movement planned for treatment.54,73
Primary Failure of Eruption (PFE)
This condition appears to have an autosomal dominant inheritance with variable 
expressivity.74 It is characterized by two phenotypic types: 1) having all teeth distal to the 
most mesial involved tooth partly or completely unable to erupted, or 2) some of the teeth 
have no apparent reason for failure to eruption, but they do not follow the pattern that all 
teeth distal to the most mesial involved tooth are also affected. Patients or family members 
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may also have a history of primary tooth ankylosis. So far as a constant, attempts to apply 
orthodontic force generally lead to ankylosis.75 It may affect only one or up to all four 
quadrants and while it is principally observed in the permanent dentition, examples affecting 
the primary dentition have also been noted.76
The familial occurrence of this phenotype in approximately one-quarter of all individuals in 
an affected family facilitated the investigation and discovery of mutations within the 
parathyroid hormone 1 receptor (PTHR1) gene being involved.77 The PTH1R gene is 
located on human chromosome 3p21.31 (OMIM *168468) comprised of 16 exons. To date, 
over 25 unique mutations within the PTH1R gene appear to be associated with PFE; with 
some mutations introducing an immediate stop code or frameshifts in the code leading to the 
premature truncation of the protein and haploinsufficiency, while other mutations lead to 
aberrant RNA splicing of the PTH1R messenger RNA.74,78–82 Advancements in this area 
could not only help to define patients who are likely to develop or have PFE, but also 
potentially result in the molecular manipulation of selective tooth eruption rates to enhance 
treatment protocols on an individual basis.83
Additional Areas
Numerous investigators are starting to look at several additional types of cases to better 
identify and understand how genetic influences direct aspects of growth and development, 
and treatment of malocclusion and associated anomalies. These include with only one or few 
selected references such as facial scan morphology,84 dental crowding in Class I 
malocclusion,85 arch form,86 facial morphology associated with obstructive sleep apnea,87,88 
dental agenesis,89 palatally displaced canines (PDC),90 canine impaction,91 pain 
perception,92 and multiple (cluster phenomenon) dental implant failure.93,94 As mentioned 
previously, genetic studies are needed which examine the contribution of genetics in slow 
craniofacial growers and/or late growers (especially growth within the jaws) with and 
without the use of specific appliances such as the Herbst, MARA, and use of TAD-assisted 
mandibular growth restriction. These types of studies would help to when and on whom a 
specific growth modifying appliance should be utilized to synergistically enhance the growth 
or changes with the patients’ craniofacial features.
Discussion
While the field of oral and craniofacial genetics expands to learn more about the genetic 
factors that would help to better treat individual patients, it should not be overlooked that 
today the practitioner in their practice could start to take and consider family history in the 
diagnosis and treatment planning of malocclusion.16 This can be used to help understand the 
approximate likelihood that the patient or a sibling may also develop the same trait, which 
still may vary in its severity even within the same family. This can be particularly useful for 
monogenic traits including Class III malocclusion, hypodontia, PFE, and developmental 
dental dysplasias such as types of dentinogenesis and amelogenesis imperfecta. A family 
history may also be useful for complex traits such as skeletal Class III and Class II/division 
2 malocclusions, EARR, PDC, or any trait that occurs in more than one member of the 
family.
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Due to the heterogeneous complexity of facial and dental development, the physiology of 
tooth movement, and the occurrence of EARR, the precise prediction of outcomes is not 
tenable. Many genetic factors and how they may relate to environmental (including 
treatment) factors are being investigated and are starting to be better understood. While 
precise prediction is not at hand, the influence of genetic factors for example in EARR is 
clear. The uncovering of genetic factors that correlate with clinical variation of previously 
unknown etiology helps to diminish the unknown variation that is present in clinical studies, 
particularly those that consider the effect of appliances or treatment regiments on growth, 
and should in the future be a part of these investigations. The day-to-day utilization of the 
“testing” for these factors is not yet ready for practice, although monogenic traits such as 
PFE, and Class III malocclusion, show promise as knowledge and technology advances.
As the recognition of specific genetic factors that affect our patients are discovered, the 
three-generation (including parents and grandparents with aunts, uncles and patient siblings 
asked about) family history is something the practitioner can implement in their practice 
today. This would greatly benefit the patient at that time, and augment the usefulness of 
these families in future clinical research in which clinical findings, environmental, and 
genetic factors can be studied.
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1A: Genetic Loci Identified in Linkage and Association Studies of Class III 
Malocclusion Ideogram of human chromosomes showing the locations of statistically 
significant genetic markers in mixed groups; and genes (ARHGAP21, FGF23, DUSP6, and 
ADAMTS1) where an actual causative mutation has been found in one or more families.
1B: Brief summaries of the genetic finding noted in Figure 1A matching by arrow color 
and reference with groupings by continental population. MP=mandibular prognathism
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Genetic Associations to EARR within the ATP/P2RX7/IL-1β and RANK/RANKL/OPN 
signaling pathways-The pie-charts located throughout the diagram summarize the genetic 
association and linkage findings connected to different factors within the pathways and 
EARR. The number of triangles within each pie shape summarize the number of markers or 
independent tests that were examined for each factor; where (green) indicates genetic 
association, (red) indicates no association, (yellow) indicates a haplotype association, and 
(blue) indicates genetic linkage.
As orthodontic force is placed on the teeth and the neighboring periodontal ligament (PDL) 
is compressed, the immune system responds to the site in order to relieve the tissue stress 
and damage. As part of the stress response, ATP is released from platelets and binds to the 
purinergic receptor P2X, ligand-gated ion channel 7 (P2RX7) membrane channel protein 
located on the surface of immune cells and/or cells of the PDL. Upon binding ATP, the 
P2RX7 ion channel is opened, allowing the exchange of intracellular potassium (K+) and 
extracellular sodium (Na++), and triggering the elevation of calcium (Ca++) from 
intracellular stores. Elevation of intracellular Ca++ activates caspase-1 (also termed IL-1β 
converting enzyme or ICE) which is located in inflammasome complexes within the cell. 
Caspase-1 cleaves the pro-IL-1β molecule, releasing active mature interleukin-1beta 
(IL-1β) for biological function. IL-1β can recruit other inflammatory cells to the site of 
Hartsfield et al. Page 17













tissue damage, and can bind to interleukin-1 receptors (IL-1R) on the surface of pro-
osteoblastic cells. The IL-1 receptor antagonist (IL1RA) may interrupt IL-1 signaling. 
Once IL-1β is bound to the IL-1Rs, a signaling cascade involving the Interleukin-1 
Receptor Associated Kinase 1 (IRAK1) and other molecules (not shown) lead to the 
activation of such genes as the receptor activator of nuclear factor kappa-B ligand 
(RANKL) and Osteoprotegerin (OPG). When RANKL is synthesized, and expressed on 
the surface of the osteoblastic cells it can bind RANK on preosteoclasts. This interaction, in 
concert with M-CSF production from osteoblasts and binding to the c-fms receptor on the 
surface of pre-osteoclastic cells signals the osteoclast precursor cells to mature into 
functional osteoclasts. OPG and soluble RANKL (sRANKL) can act to dampen the 
maturation signal to pro-osteoclast cells by interfering with RANKL:RANK interactions. 
Osteopontin (OPN) plays an important role in bone remodeling by increasing osteoclast 
anchoring. The action of both osteoblasts and osteoclasts are needed to resolve the tissue 
stresses within the PDL from orthodontic force application. Additional associations with 
EARR that not depicted in this figure include the vitamin D receptor (VDR) on osteoblasts 
and Interleukin-6 (IL-6).
IL-1a
(Al-Qawasmi, et.al., 2003) Am J Orthod Dentofacial Orthop 123:242–52
(Gülden, et al., 2009) J Orofac Orthop 70: 20–18
(Iglesias-Linares, et. al., 2012) Oral Diseases 18:198–205
(Iglesias-Linares, et. al., 2012) International Endodontic Journal 45: 1018–1026
(Iglesias-Linares, et. al., 2012) Journal of Endodontics, 2012, Vol.38(3), p.283–287
(Linhartova, et. al., 2013) Oral Diseases 19:262–70
(Sharab, et al., 2015) Orthod Craniofac Res. 2015 Apr;18 Suppl 1:71–82. doi: 10.1111/ocr.
12078
IL-1β
(Al-Qawasmi, et al., 2003) Am J Orthod Dentofacial Orthop 123:242–52
(Bastos Lages, et al., 2009) Am J Orthod Dentofacial Orthop 136:542–6
(Gülden, et al., 2009) J Orofac Orthop 70: 20–18
(Iglesias-Linares, et al., 2012) Oral Diseases 18:198–205
(Iglesias-Linares, 2012) International Endodontic Journal 45: 1018–1026
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